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Abstract 

Purpose: The aim of this study was to evaluate whether oxidative stress markers and biomarkers of muscle injury would be 
affected by aging at rest and in response to an incremental exhaustive exercise. 

Methods: Fifteen young (20.3±2.8 years) and fifteen older adults (65.1 ±3.5 years) performed an incremental cycle 
ergometer test to exhaustion. Before and after exercise, oxidative stress [superoxide dismutase (SOD), glutathione 
peroxidase (GPX), glutathione reductase (GR), ascorbic acid, oc-Tocopherol, malondialdehyde (MDA)] and muscle injury 
[creatine kinase (CK), lactate deshydrogenase (LDH)] biomarkers were assessed. 

Results: At rest, there was no difference in oxidative stress markers and LDH level between the groups, however CK was 
significantly higher in the young group than the elderly group (p<0.05). During recovery, in comparison with resting values, 
a significant increase in SOD (1092±145.9 vs. 1243±98 U/g Hb), GPX (67.4±12.7 vs. 79.2±15.6 U/g Hb) and GR (6.5±0.9 vs. 
7.7±0.5 U/g Hb) activities were observed only in the young group (p<0.05). MDA has increased only in the older group 
(0.54±0.2 vs. 0.79±0.2 jimol/l) (p<0.01). CK increased in both groups (young group: 122.5±22.2 vs. 161.9±18.7 Ul/I; older 
group: 88.8±34.1 vs. 11 1.1 ±25.9 U l/l) (p<0.01), however LDH has increased only in the young group (400.5 ±22.2 vs. 
485±18.7 Ul/I) (p<0.01) without alteration in the older group (382.8±34.1 vs. 418.5±25.9 Ul/I). 

Conclusions: These findings indicate that aging is associated with a decrease in antioxidant efficiency and an increase in 
oxidative stress damage. Furthermore, older adults would not more susceptible to exercise-induced muscle injury than 
young people. 
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Introduction 

Aging has been hypothesized to be partially caused by the 
deleterious and cumulative effects of reactive oxygen species 
(ROS) occurring throughout the life span [1]. Numerous studies 
have shown that elderly people are under constant and increasing 
assault by ROS, as indicated by enhanced lipid peroxidation, 
protein oxidation, and alteration of antioxidant enzyme activities 
[2,3,4]. These studies have used comparisons between older and 
young subjects to evaluate aging effects on oxidative stress [5,6]. 
However, most of them have investigated oxidative stress markers 
in resting conditions and results emerging from these studies are 
always contradictory. 

Moreover, advanced age lead to a decrease in muscle mass and 
strength, a process called sarcopenia [7]. Evidence from animal 
studies has reported that an accumulation of oxidative stress 
damage in mitochondria, proteins and DNA during aging is a 
potential cause of sarcopenia and muscle damage [8]. In this 
context, several studies have investigated the effects of ageing on 



potential muscle damage in humans and showed conflicting results 
[9,10]. 

On the other hand, acute exercise has the capacity to increase 
the generation of ROS and to induce muscle damage especially for 
single bouts of exhaustive exercise [11]. These results could be 
more pronounced for the elderly population where sedentary life 
style and age-related physiological dysfunctions could impair 
antioxidant defense and increase susceptibility to oxidative stress 
and muscle damage. However, it seems to be only few studies on 
human who investigated exercise-induced oxidative stress and 
muscle damage in elderly subjects. In this sense, Di Massimo et al 
[12] and Toft et al [13] reported an increase in oxidative stress 
(thiobarbituric acid-reactive substances) and muscle injury (i.e., 
creatine kinase (CK) and myoglobin) markers in response to acute 
exercise in elderly subjects. Similarly, it has been demonstrated 
that acute running treadmill exercise increases oxidative stress (i.e., 
malondialdehyde (MDA) and F2-isoprostanes) and muscle injury 
markers (CK) in healthy older adults [10] . In this context, a positive 
correlation between markers of muscle damage and free-radical 
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production has been previously shown [10], supporting the 
hypothesis that free radicals produced during exercise alter muscle 
cell membrane permeability [14]. Additionally, a positive corre- 
lation between increasing thiobarbituric acid-reactive substances 
and creatine kinase was found in an earlier animal study during 
exercise [15] indicating that biomarkers of muscle damage are 
indicative of oxidative stress [16]. 

Given that aging and acute exercise exhibit prooxidant potential 
and stronger factor of muscle damage, it would therefore seem 
reasonable to expect a more pronounced exercise-induced 
oxidative stress response and biomarkers of muscle damage in 
elderly compared with young subjects. Results from the few studies 
that have tested this hypothesis remained unclear and were not 
performed in humans. Ji et al [17] have demonstrated a similar 
response of oxidative stress markers to running exercise in young 
and old rats. However, the study of Bejma et al [18] showed a 
higher response of oxidative stress markers in old rats compared 
with younger ones after running exercise. In order to provide an 
answer to this question, we aimed to investigate both resting and 
exercise-induced oxidative stress markers and biomarkers of 
muscle damage in a sample of healthy older adults and young 
subjects. We hypothesized that young subjects would have a better 
antioxidant activity and lower levels of biomarkers indicative of 
muscle damage at rest and following an incremental exhaustive 
exercise, than the older adults. 

Materials and Methods 

Participants 

Fifteen young adults (20.3 ±2.8 yr; 9 males and 6 females) and 
fifteen older adults (65.1 ±3.5 yr; 7 males and 8 females) (Table 1) 
were included in the study. Both groups were matched for body 
weight, height, and dietary status and were classified as sedentary 
since they had not regularly engaged in any physical activities over 
the past three years. 

Ethical Considerations 

After receiving a description of the protocol, and its benefits and 
possible risks, each volunteer (and parents /tutors for the minors) 
provided a written informed consent. The study was conducted 
according to the Declaration of Helsinki and the protocol was fully 
approved by the Ethics Committee of the Regional University 
Hospital Centre (CHRU) of Lille before the commencement of the 
assessments (Permit number: N° 07/42). 

Protocol 

On the arrival of the subjects to the hospital, a clinical interview, 
an electrocardiogram (ECG) at rest, a skin fold to measure the 



Table 1. Anthropometric and physiological parameters for 
the two groups (mean ± SD). 







Young group 


Elderly group 


Age (years) 


20.3 ±2.8 


65.1 ±3.5 ## 


Weight (Kg) 


66.1 ±11.7 


71.8±7.6 


Height (m) 


1.7±0.2 


1.6±0.1 


Fat (%) 


25.8±2.7 


28.4±4.2 


V0 2max (ml/min/kg) 


44.2 ±5.2 


23.2±4.4 ## 


Pmax (Watts) 


220.7 ±36.4 


94.1±32.6 ## 


## : significant difference between young and elderly subjects at p<0.01. 
doi:1 0.1 371/journal.pone.0090420.t001 



percentage of fat mass and a record of blood pressure were carried 
out to verify the absence of exclusion criteria. These criteria were: 
inflammatory disorders, recent infections, renal or hepatic 
insufficiency, active coronary artery disease, diabetes, heart failure, 
hormonal replacement therapy, or supplementation with antiox- 
idants within 3 months before the study. In the other hand, to be 
included to the study, the age range for the young participants was 
17—30 years. For the elderly group, participants needed to be at 
least 60 years old to participate in this study. 

After that, a nurse placed a venous catheter in the forearm of 
the subject to take a blood sample at rest. Finally, participants 
performed an incremental exercise test followed by a period of 
recovery, when blood samples were once again collected at 5 and 
at 20 minutes after the end of exercise. The parameters measured 
were: oxidative stress markers: superoxide dismutase (SOD), 
glutathione peroxidase (GPX), glutathione reductase (GR), 
ascorbic acid, ot-Tocopherol and MDA and biomarkers of muscle 
injury: CK and lactate deshydrogenase (LDH). 

Exercise testing 

Each subject performed an incremental exercise test until 
exhaustion on an electrically braked cycle ergometer (Excalibur 
Sport, Lode B.V, Medical Technology, Groningen, Netherlands) 
connected to a computer software (Ergocard, Medisoft, Dinant, 
Belgium). After resting for 3-minutes on the cycle ergometer, the 
participant started the exercise at 30 watts (W) and 60—70 
revolutions per minute of pedaling for 3 minutes as a warm-up 
period. Next, for the elderly group, the exercise was performed 
with a workload increase every 3 minutes of 20 W for men and 
10W for women. For the young group, the workload was 
increased every 3 minutes by 30 W for men and women until the 
end of exercise testing. For the two groups, the incremental 
exercise was followed by a 2-minute active recovery at 25 W and a 
3 -minute passive recovery period. This workload increase was 
chosen in order to insure equality in exercise testing duration 
between the groups. This procedure, designed to reach maximal 
oxygen uptake (V 0 2max ) in young and older adults, was selected in 
previous studies [19,20] and is the most likely task that induces 
oxidative stress [21]. For each subject, the task duration was 
calculated without including the warm-up and recovery periods. 

The incremental test was considered as maximum if at least 
three of the following criteria were observed: 1) exhaustion of the 
subject or inability to maintain the required pedaling speed in spite 
verbal encouragement, 2) (V02 max ) plateau was reached and 3) the 
predicted maximum heart rate (HR max) (208 — 0.7xage ±10% 
[22]) was achieved. 

Gas exchanges (oxygen consumption: V0 2 , carbon dioxide 
production: VC0 2 , and ventilation: VE) were measured contin- 
uously throughout the test and for 5 minutes during recovery, 
using a gas-exchange system analyzer (Medisoft, Belgium). Blood 
pressure was measured at rest and every 3 minutes during exercise 
and recovery. 

Diet record 

A 4-day food record was completed by each subject on a 
notebook. At the start, a standardized individual information 
session was organized to give subjects instructions on how to 
record their daily food intake. Food quantities were estimated, 
specifying the number of units and a code corresponding to the 
size of the portion, using a reference portion guideline book. The 
average nutrient diet content was calculated using Nutrilog Micro 
software (Version 2.32, France). Intakes of vitamin C and vitamin 
E were estimated with the use of the French database of ANSES 
Ciqual (France). 
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Blood sampling 

In order to avoid time-of-day effects on oxidative stress and 
muscle damage markers, as demonstrated in previous research 
[23], all exercise sessions and blood samples were performed at the 
same time of day (14:00 pm). A blood sample was drawn at rest 
and 5 minutes following the exercise for the measurements of 
MDA, LDH and CK levels and at 20 minutes after exercise to 
measure SOD, GPX, GR, ascorbic acid and a-Tocopherol levels. 
Blood samples drawn 20 minutes after the exercise was chosen in 
view of research studies demonstrating that immediately after the 
exercise, no change on antioxidant capacity was observed [24]. 
However, the main change of antioxidant capacity has been 
observed from 20 minutes post exercise [25]. Blood samples were 
drawn from the antecubital vein into a dry tube to measure a- 
Tocopherol, into an EDTA tube for ascorbic acid, MDA, CK and 
LDH and into a heparinized tube for SOD, GPX and GR. Plasma 
was obtained by centrifugation of blood at 3000 rpm for 
10 minutes at 4°C. cx-Tocopherol, ascorbic acid, CK, LDH and 
MDA levels were evaluated in plasma. However, SOD, GPX and 
GR activities were evaluated in blood erythrocyte. 

SOD, GPX and GR. SOD activity was analyzed using a 
clinical chemical analyzer (Konelab 60, Thermo Fisher Scientific 
Society). This method uses xanthine and xanthine oxidase to 
generate superoxyde radicals that react with 2-(4-iodophenyl-)-3- 
(4-nitrophenyl)-5-phenyltetrazoluim chloride to form a red form- 
azan dye. The SOD activity is then quantified by measuring the 
degree of inhibition of this reaction. 

GPX activity was measured using a reagent set (RANSEL, 
society RAND OX). GPX activity is measured indirectly by a 
coupled reaction with GR. Oxidized glutathione (GSSG), 
produced upon reduction of an organic hydroperoxide by GPX, 
is recycled to its reduced state by GR and nicotinamide adenine 
dinucleotide phosphate (NADPH). The oxidation of NADPH to 
NADP + is accompanied by a decrease in absorbance at 340 nm. 
The rate of decrease is directly proportional to the GPX activity in 
the sample. 

GR activity was measured using a clinical chemical analyzer 
(Konelab 60). GR is a flavoprotein that catalyzes the reaction, 
whereby reduced NADPH converts GSSG to reduced glutathione 
(GSH). We evaluated this enzymatic activity with a GR 
determining the rate of NADPH oxidation. The oxidation of 
NADPH to NADP + results in a decreased absorbance at 340 nm 
that is directly proportional to the GR activity. 

a-Tocopherol. (X-Tocopherol was measured in the plasma by 
the high performance liquid chromatography technique with 
spectrophotometric detection. In this technique, a-Tocopherol is 
extracted with heptanes after protein precipitation by ethanol and 
then injected into HPLC system. The selected wavelength was 
292 nm. 

Ascorbic acid. After deproteinization of plasma with meta- 
phosphoric acid, ascorbic acid was oxidized to ascorbic dehy- 
droacide by ascorbate oxidase (DHAA).The DHAA bound to the 
O-phenylene-diamine (OPDA), which produced a chromophore 
whose absorbance has read at 340 nm on a clinical chemical 
analyzer (Konelab 60). Thus, the rate of ascorbic acid in plasma 
was deduced from the amount of chromophore formed. 

Malondialdehyde. The MDA was measured in plasma by 
the technique of HPLC with fluorimetric detection. It was 
determined by modified thiobarbituric acid (TBARS). 100 jil of 
plasma was precipitated with trichloroacetic acid (200 jil) and 
mixed with 450 jil of normal saline solution (0.9%). The whole 
mixture was incubated in a 90°C water bath for 30 min, then 
cooled in water. After centrifugation at 3000 rpm for 5 min at 
4°C, the absorbance was read at 532 nm. 



CK and LDH. CK activity was determined spectrophoto- 
metrically by measuring NADPH formed by hexokinase and the 
glucose- 6-phosphate dehydrogenase coupled enzymatic system. 
LDH activity was determined by measuring NADH consumption 
using the reagent kits. 

Statistical methods 

After confirmation of distribution normality using Shapiro-Wilk 
tests, data were analyzed by a two-way repeated measures analysis 
of variance: "groups" (young-elderly) versus "time" (rest-recovery) 
factors. When the ANOVA F ratio was significant, the means were 
compared using pair-wise multiple comparison procedures 
(Bonferroni post-hock test). To compare cardiorespiratory adap- 
tations to the exercise, anthropometric values and dietary intakes 
data between groups, a T-test for independent samples was 
performed. Pearson correlation test was used to examine 
correlation between oxidative stress markers and biomarkers of 
muscle injury. Significance was established at p< 0.05 and data are 
presented as means ± SD. 

Results 

Characteristics of the subjects and performance during 
exhaustive exercise 

Young subjects demonstrated a significant higher value in 
maximal oxygen uptake (V0 2max ) an d maximal aerobic power 
(Pmax) in comparison with the older group (p<0.01) (Table 1). 

No significant difference was observed in the duration of the 
exercise testing between young and older groups: 19.2 ±3.6 min 
and 16.8 ±5.4 min, respectively. 

Dietary antioxidant micronutrient intakes 

Statistical analysis showed no significant difference in vitamin C 
and vitamin E intake between the studied groups. Vitamin C 
intake was 90 ±34 mg/ day for the young group and 101 ±27 mg/ 
day for the older group. Vitamin E intake was 7.8 ±2.2 mg/day 
for the young group and 8.5 ±3.6 mg/day for the older group. 

Biologicals markers 

At rest, statistical analysis showed no difference in antioxidant 
enzymes activities between groups. During recovery, antioxidant 
enzymes activities increased only in the young group: SOD 
(+13.8%), GPX (+17.5%) and GR (+18.4%) (p<0.05 Fig. 1, 2, 3 
respectively). In addition, the young group presented higher SOD 
and GR values than the older group during recovery (p<0.05). 
Regarding non enzymatic antioxidants, statistical analysis showed 
no exercise or aging effects on ascorbic acid and oc-Tocopherol 
levels (Fig. 4). 

Concerning MDA, resting levels presented no significant 
difference in both groups. During recovery, MDA levels increased 
by 46.2% in the old group (p<0.01 Fig. 5) without change in the 
young group. In addition, the older group presented a higher 
MDA values than the young group during recovery (p<0.05 Fig. 5) 

At rest, CK was significantly higher in the young group in 
comparison with the aged group (p<0.05). During recovery, a 
significant increase of CK activity was measured in young and 
older group (+32.2% and +25.1% respectively, p<0.01, Fig. 6). 
The young group presented a higher CK values than the older 
group during recovery (p<0.05, Fig. 6). There was no difference in 
resting LDH in both groups. Moreover, LDH activity increased 
during recovery only in the young group (+21.2%, p<0.01, Fig. 7). 
In addition, the young group presented a higher LDH values than 
the old group during recovery (p<0.05, Fig. 7). 
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Figure 1. SOD at rest and at the recovery in the young and the 
elderly subjects. *: significant difference between rest and recovery 
period (p<0.05). #: significant difference between young and elderly 
subjects (p<0.05). 

doi:10.1371/journal.pone.0090420.g001 

During recovery, SOD was correlated with LDH level 
(R = 0.67, p<0.01) for the young group. For the elderly group, a 
significant correlation was shown between LDH and MDA 
(R = 0.66, p<0.05) and between CK and MDA (R = 0.94, 
p<0.01). All correlations between oxidative stress markers and 
biomarkers of muscle damage are presented in the Table 2. 

Discussion 

The aim of this study was to investigate both resting and 
exercise-induced oxidative stress markers and biomarkers of 
muscle damage in elderly and young healthy subjects. The present 
study results showed a better adaptation of the antioxidant system 
in the young group through a significant increase in SOD, GPX 
and GR during the recovery period in comparison with the older 
group. Moreover, an increase of MDA after the exercise has been 
shown only in the aged group. On the other hand, biomarkers of 
muscle injury were higher at rest and during recovery in the young 
group in comparison with the older adults. 

Physiological measures 

Significant difference was observed in V02 max an d Pmax 
between the groups. These results were expected as consequences 
of the aging phenomena. Shephard et al. [26] summarized that 
cross sectional research indicated that V0 2max decreases fairly 
steadily in sedentary women and men with average values of 
45 ml/kg/min around the age of 20 to about 25 ml/kg/min at the 
age of 60. The decrease in V0 2max with age may be attributed to a 
decline of maximal heart rate and extraction of oxygen. 

Enzymatic and non enzymatic antioxidants 

For non enzymatic antioxidants, similarly to previous findings 
[10,27], the present study showed no effects on ascorbic acid and 
oc-Tocopherol levels due to exercise or aging. However, a 
limitation of the previous studies was that a dietary intake had 
not been taken into account, and yet it could greatly influence 
ascorbic acid and oc-Tocopherol levels [28,29]. Also, in view of the 
results of the literature, it is not possible to conclude if the absence 
of difference in ascorbic acid and (X-Tocopherol levels between 
groups was due to the dietary intake or to an absence of aging 
effect. In our study, the absence of significant difference in ascorbic 
acid and (X-Tocopherol intakes between young and older adults 
leads us to conclude that aging has no effect on these non 
enzymatic antioxidants. 



Figure 2. GPX at rest and at the recovery in the young and the 
elderly subjects. *: significant difference between rest and recovery 
period (p<0.05). 

doi:10.1371/journal.pone.0090420.g002 

Regarding enzymatic antioxidants, the present results showed 
no difference at rest between young and older adults. These data 
are in accord with findings of Rousseau et al. [30] which reported 
similar resting antioxidant values (Cu-Zn-SOD, GPX and GR) in 
young and sedentary older adults. So, aging would not affect 
antioxidant enzyme activities at rest. 

Additionally, the results showed an increase in antioxidant 
enzymes levels (SOD, GPX, and GR) after exercise only in the 
young group. This response permits to scavenge the increased 
production of free radicals assessed from the leakage of electrons in 
the mitochondrial respiratory chain. The improvement of the 
leakage of electrons would result from the increase in oxygen 
consumption during exercise. 

However, in the older group, we observed unchanged 
antioxidants enzymes activities after the exercise. Therefore, two 
possibilities have to be considered to explain the present findings. 

First, the lack of change of antioxidant enzyme reaction in 
response to acute exercise in the older group may be attributed to 
an alteration of the redox-sensitive transcription factors with aging 
[31]. In fact, transcription factors, like NF-Kb and AP-1 are 
present in the promoter of human enzymatic antioxidants gene 
and therefore play an important role in antioxidants enzyme 
activity. Likewise, many studies using animal model have reported 
an alteration in antioxidants gene transcription factors (NF-Kb 
and AP-1) with aging [32]. To our knowledge, much less is known 
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Figure 3. GR at rest and at the recovery in the young and the 
elderly subjects. *: significant difference between rest and recovery 
period (p<0.05). #: significant difference between young and elderly 
subjects (p<0.05). 

doi:10.1371/journal.pone.0090420.g003 
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Figure 4. Ascorbic acid and a-Tocopherol at rest and at the 
recovery in the young and the elderly subjects. A = Ascorbic acid, 
B = oc-Tocopherol. 

doi:1 0.1 371 /journal. pone.0090420.g004 

about aging effects on antioxidants gene transcription factors in 
humans. 

Secondly, aging could be responsible of a decrease in 
antioxidants enzymes protein content that could affect antioxi- 
dants enzymes activities. In this sense, Sui et al. [33] have reported 
a decrease in antioxidants enzyme proteins content with aging in 
animal model. Oh-Ishi et al. [34] have demonstrated that 
antioxidants enzymes activities seem to be related in part to their 
protein content. So, this alteration of antioxidants protein content 
with aging may partly explain the lack of change in antioxidants 
enzymes activities during recovery in the older group in our study. 

Malondialdehyde 

Regarding the effect of exercise on lipid peroxidation, our 
results show a significant increase in MDA level during recovery 
only in the aged group. Two possibilities have to be considered to 
explain the present increase of lipid peroxidation level in the older 
group following acute exercise. 

Firstly, the increase of lipid peroxydation is due to a greater 
production of free radicals in older subjects. According to Wei et 
al. [2], a progressive accumulation of somatic mutations in 
mitochondrial DNA (mtDNA) during the lifetime of an individual 
leads to a decline in mitochondrial function. ROS produced 
during normal respiration in a lifetime may produce various 
modified nucleotides and contribute to the occurrence of somatic 
mtDNA mutations. In fact, accumulation of mutations and 
oxidative damage to mtDNA may result in respiratory chain 
dysfunction, leading to increased production of ROS in mito- 
chondria and induction of further mtDNA mutations [35,36]. This 
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Figure 5. MDA at rest and at the recovery in the young and the 
elderly subjects. **: significant difference between rest and recovery 
period (p<0.01). #: Significant difference between young and elderly 
subjects (p<0.05). 

doi:10.1371/journal.pone.0090420.g005 

vicious cycle will gradually diminish the functional capacity of 
mitochondria and has been proposed to account for an increase in 
lipid peroxidation in elderly people. Secondly, the degree of fatty 
acid instauration affects lipid peroxidation level. Unsaturated fatty 
acids are the cellular macromolecules most sensitive to ROS 
damage, owing to the presence of highly unstable electrons near 
their double bonds, and their sensitivity to lipid peroxidation 
exponentially increases as a function of the number of double 
bonds per molecule [37]. Thus, a high level of fatty acid 
instauration would increase lipid peroxidation level. In this sense, 
Schafer et al. [38] have noted a higher unsaturated fatty acid level 
in elderly subjects in comparison with young subjects. In this 
context, Balkan et al. [39] have found a positive correlation 
between polyunsaturated fatty acid level and lipid peroxidation 
marker (TBARS) in elderly subjects, which may explain the link 
between higher unsaturated fatty acid level and increased lipid 
peroxidation with aging. 

Biomarkers of muscle damage 

At rest, the results of the present study show that GK level was 
higher in the young group in comparison to the aged group with 
no significant difference in LDH level between both groups. These 
data are in accord with the work of Lavender et al. [9] which 
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Figure 6. CK at rest and at the recovery in the young and the 
elderly subjects. **: significant difference between rest and recovery 
period (p<0.01). #: Significant difference between young and elderly 
subjects (p<0.05). 

doi:10.1371/journal.pone.0090420.g006 
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Figure 7. LDH at rest and at the recovery in the young and the 
elderly subjects. **: Significant difference between rest and recovery 
period (p<0.01). #: significant difference between young and elderly 
subjects (p<0.05). 

doi:10.1371/journal.pone.0090420.g007 

reported a higher level of CK in young subjects in comparison 
with older subjects at baseline. These results may be a 
consequence of the smaller muscle mass of the elderly subjects. 

Regarding the responses following the incremental exercise on 
markers of muscle damage, the present results show a significant 
increase of CK activity during recovery in both groups associated 
with a significant lower level in the older group. Also, LDH level 
has increased only in the young group during the recovery period. 
These results demonstrated a higher muscle damage response in 
the young group to acute exercise. Difference in response between 
the older and the young group in our study may be explained by a 
decrease in muscle content in type II fibers linked with aging [9] . It 
has been documented that type II fibers are more susceptible to 
muscle damage than type I fibers [40]. Lower levels of muscle 
damage response in the older group may be explained by their 
lower muscle content of type fibers II. The results of the present 
study may indicate that older adults are not more susceptible to 
exercise-induced muscle injury than young people. 

On the other hand, during recovery, changes in biomarkers of 
muscle injury in both groups were correlated with an alteration in 
oxidative stress markers. We have noticed a significant correlation 
between biomarkers of muscle injury (CK and LDH) and MDA in 
the older adults group. To our knowledge, no study has 
investigated correlation between lipid peroxidation markers and 
biomarkers of muscle injury after acute exercise in older adults. 
Elevation of plasmatic CK and LDH levels are characteristic 
responses to strenuous exercise and are often used as indicators of 
muscle damage [41]. MDA is one of the major peroxidation 



products derived from polyunsaturated fatty acids so that the 
measurement of this marker has been used as an index of 
structural oxidative injury of the cell membrane. The increase in 
MDA in the older group during recovery suggests increased lipid 
peroxidation initiated by free radical reactions and could be a 
direct reflection of an oxidative injury of the skeletal muscle [42] . 
The correlation between MDA and biomarkers of muscle injury 
during recovery might result from an increase in membrane 
permeability due to lipid peroxidation in the older group. 
Nonetheless, absence of correlation between makers of muscle 
injury and lipid peroxidation in the young group during recovery 
may be attributed to their better antioxidants defense which may 
reduce lipid peroxidation by scavenging free radicals produced 
during exercise. However, this rise in antioxidants activity in the 
young group could, partly participate in the muscle injury 
processes during recovery and explain the positive correlation 
between SOD and CK in our study. In fact, SOD catalyzes the 
conversion of superoxide radicals (0 2 ~) into H 2 0 2 . H 2 0 2 is 
considered as a reactive species because of its toxicity and capacity 
to cause reactive species formation. In leukocytes, myeloperoxi- 
dase transforms H 2 0 2 in hypochlorous acid (HOCl~), one of the 
strongest physiological oxidants [43]. These reactants (HOC1 ), if 
they stay unchecked, can also destroy adjacent healthy muscle 
tissue and therefore increase muscle damage markers level such as 
CK and LDH. 

Methodological limitations 

To the best of our knowledge, this is the first study to explore 
aging effects on both resting and exercise-induced oxidative stress 
markers and biomarkers of muscle damage. However, some 
limitations inherent to the experimental protocol of this study 
warrant mention. First, it is possible that oxidative stress may have 
occurred in tissues aside from blood, such as skeletal muscle, which 
may be the ideal tissue when studying exercise stress. Of course, 
biopsies are required for obtaining samples for analyses, which is 
likely the reason why so few human investigations include the 
analysis of oxidative stress biomarkers in skeletal muscle [24] . As 
reported previously using an animal model, changes in oxidative 
stress observed during the postexercise period may not be the same 
when comparing blood and skeletal muscle [44]. Secondly, we 
only measured selected biomarkers of oxidative stress and muscle 
injury and did not include an exhaustive list of potential markers 
(F2-isoprostanes, 8-OHdG, myoglobine..). Although our array of 
biomarkers is well able to characterize the oxidative status and 
muscle damage during the postexercise period, the inclusion of 
additional biomarkers may have strengthened the results of this 
study. 



Table 2. Correlation between oxidative stress markers and biomarkers of muscle injury at the recovery period. 









SOD 




GR 




GPX 




MDA 




R 


P 


R 


P 


R 


P 


R 


P 


CK 


Young 


0.091 


0.752 


0.793 


0.071 


0.074 


0.973 


0.100 


0.731 




Elderly 


-0.312 


0.294 


0.161 


0.583 


0.040 


0.992 


0.943 


0.000** 


LDH 


Young 


0.674 


0.009** 


0.147 


0.615 


-0.342 


0.232 


-0.242 


0.941 




Elderly 


-0.104 


0.747 


0.115 


0.701 


-0.906 


0.764 


0.664 


0.013* 



*: Significant correlation at p<0.05. 
**: Significant correlation at p<0.01. 
doi:1 0.1 371/journal.pone.0090420.t002 
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Conclusion 

The present study demonstrates that young people have a 
higher endogenous antioxidant capacity as compared with older 
subjects following an exhaustive exercise. This can be explained by 
a decrease in antioxidants efficiency with aging. Moreover, this 
study shows that aging is associated with increased lipid 
peroxidation which may be due to a rise in ROS production 
associated with a decrease in antioxidant defense. Finally, these 
results tend to demonstrate that older adults are not more 
susceptible to muscle damage induced by acute exercise in 
comparison with young subjects. 
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